We demonstrate the electrical injection and detection of spin-polarized electrons in the Co 2 FeSi/GaAs hybrid system using lateral transport structures. Spin valve signatures and characteristic Hanle curves are observed both in the nonlocal and the local configuration. The comparatively large magnitude of the local spin valve signal and the high signal-to-noise ratio are attributed to the large spin polarization at the Fermi energy of Co 2 FeSi in the well-ordered L2 1 phase.
We demonstrate the electrical injection and detection of spin-polarized electrons in the Co 2 FeSi/GaAs hybrid system using lateral transport structures. Spin valve signatures and characteristic Hanle curves are observed both in the nonlocal and the local configuration. The comparatively large magnitude of the local spin valve signal and the high signal-to-noise ratio are attributed to the large spin polarization at the Fermi energy of Co 2 FeSi in the well-ordered L2 1 phase.
Most spin-based semiconductor devices proposed to date rely on the ability to inject, transport, manipulate and detect spin-polarized carriers by purely electrical means. 1, 2 As a fundamental proof of the all-electrical injection and detection of spins in a lateral device structure, non-local (NL) spin valve measurements with separated charge and spin currents are most appropriate. 3, 4 A spin accumulation generated in the transport channel is probed by a detector contact placed outside the current path. The detector measures an electrical signal that is purely spin related.
However, NL spin detection is not sufficient for operational spintronic devices that require an electrical signal in the local (L) configuration, i.e., an electrical spin signal resulting from a spin-polarized charge current flowing between a source and a drain contact. As a matter of fact, this kind of local spin valve operation is experimentally much more difficult to achieve than the NL one. The difficulty of the corresponding 2-point-arrangement is caused by the large electrical background signal and a strong contribution of the (not spin-related) contact resistances as well as parasitic effects. 5 In order to minimize their influence, high spin injection and detection efficiencies are essential. Therefore a proper choice of the injector material can be crucial. From this point of view, half-metals are the ultimate solution regarding spin injection and detection, given that they are 100% spin polarized at the Fermi energy. The ferromagnetic Heusler alloy Co 2 FeSi is predicted to be a half-metal in its ordered L2 1 phase 6, 7 and is, in addition, closely lattice matched to GaAs. 8 A promising spin injection efficiency of more than 50% has been demonstrated for Co 2 FeSi/(Al,Ga)As hybrid structures. 9 In this Letter, we study the all-electrical injection and detection of spins in the non-local and local configuration in the Co 2 FeSi/GaAs hybrid system using a lateral device structure.
The investigated samples were grown by molecular beam epitaxy on semi-insulating (SI) GaAs(001) substrates, processed by wet chemical etching and photolithography, and finalized by the evaporation of Au bondpads. The samples consist of a 1500 nm thick, lightly n-doped GaAs spintransport layer (2 × 10 16 cm −3 ) followed by a 15 nm thick transition layer n → n + and a 15 nm thick n + -layer (5 × 10 18 cm −3 ). A 16 nm thick Co 2 FeSi layer was deposited onto this semiconductor structure at a substrate temperature of 280 • C. The highly n-doped GaAs layer directly beneath the Co 2 FeSi forms a narrow Schottky barrier. Detailed ina) Electronic mail: bruski@pdi-berlin.de formation on the growth of the Heusler alloy Co 2 FeSi is provided elsewhere. 8, 10, 11 A scanning electron micrograph of the lateral device structure is shown in Fig. 1(a) . The conductive mesa region is 400×50 µm 2 large with stripe widths W 2 , W 3 , and W 4 of 9, 10, and 11 µm, respectively. The edge-to-edge spacing between stripes 2 to 4 is 3 µm leading to center-to-center separations of d 23 = 12.5, d 34 = 13.5, and d 24 = 26 µm. The distances d 12 = d 45 = 145 µm are much larger than the spin diffusion length. The measurements in the L and NL configuration were carried out on the same samples by a conventional dc method with a current of 400 µA as indicated in Fig. 1(b) .
To evaluate the electrical properties of the Co 2 FeSi/GaAs Schottky contacts, we measured the two-terminal current (I)-voltage (V) characteristics for different contact pairs at different temperatures. The representative I-V characteristics measured between contacts 1 and 2 are shown in Fig. 1(c) . The curves are nonlinear at all temperatures and show a very weak temperature dependence, indicating that tunneling through the interface is dominant. 12 An insulatorlike temperature behavior of the zero bias resistance (not shown here) supports this assumption. 13 Evidence for electrical spin injection and detection has been obtained by spin valve measurements. For these exper-iments, an external magnetic field (B || ) is applied parallel to the long side of the Co 2 FeSi stripes, i.e., along the easy axis of magnetization. The measured voltage depends on the relative magnetization orientation of the injector and detector stripes. During a sweep of the external field B || , this relative magnetization orientation changes twice from the parallel to the antiparallel condition due to slightly different coercive fields of the injector and detector caused by small variations in their stripe widths. In the case of the NL measurements, spin-polarized electrons are injected into the GaAs channel at stripe 2 and drift towards stripe 1. The injected spins, however, diffuse in either direction from stripe 2. While there is no charge flow between stripes 3 and 5, the diffusion-induced imbalance in the population of the two spin channels leads to a chemical potential difference. Consequently, a NL voltage can be detected between stripes 3 and 5 as a measure of the spininjection efficiency at stripe 2 [cf. Fig. 1(b) ]. Fig. 2 shows the NL voltage measured in this way. The observed jumps in the voltage correspond to the switching between parallel and antiparallel magnetization of stripes 2 and 3. These characteristic spin valve signatures provide clear evidence for successful electrical injection and detection of spin polarized electrons.
At a distance x from the injector, the voltage can be expressed by: [15] [16] [17] 
where I is the bias current. ρ N , λ sf and S are the resistivity, spin diffusion length, and the cross-sectional area of the nonmagnetic channel, respectively. P inj(det) is the efficiency of the spin injection (detection) at the respective contact. The + (−) sign corresponds to the parallel (antiparallel) configuration of the injector and detector electrodes. From the dependence of the difference between the parallel and antiparallel signal ∆V NLSV on the injector-detector separation d ij (cf. inset of Fig. 2) we estimate the spin diffusion length in the GaAs-channel as λ sf = 6.2 µm. This value is in good agreement with values obtained by other groups for a similar doping of the GaAs channel. [18] [19] [20] The most robust proof for all-electrical spin injection and detection utilizes the Hanle effect, which reveals spin precession in an external magnetic field. For the corresponding experiments, the voltage is measured in the same way as described above. The in-plane magnetization orientations of the injector and detector stripes are kept fixed in the parallel or antiparallel configuration and the external magnetic field B ⊥ is now applied perpendicular to the sample plane. B ⊥ does not influence the in-plane Co 2 FeSi magnetization but causes a precession of the spins, which are injected into the GaAs channel. For parallel injector and detector magnetizations, the minimum voltage occurs at B ⊥ = 0 as confirmed by the measured data shown in Fig. 3 . For finite fields B ⊥ , the spin precession leads to a misorientation of the spin polarization beneath the detector stripe diminishing the measured signal. The voltage in the Hanle geometry for the parallel configuration can be expressed by a one-dimensional spin drift-diffusion equation, which takes into account spin relaxation and precession, and whose solution reads:
D is the spin diffusion coefficient, τ s the spin relaxation time and Ω L = gµ B B ⊥ /h the Larmor frequency, where the electron g factor for GaAs is g = −0.44, µ B is the Bohr magneton and h is the reduced Planck constant. The NL Hanle signal V NLH vs. B ⊥ is displayed in Fig. 3 for different sample temperatures. The good agreement between the measured data and the fit (cf. Fig. 3 ) obtained by Eq. (2) using D, τ s , and V 0 as fit parameters provides further evidence for successful all-electrical injection and detection of spin polarized electrons. An increase in the temperature leads to an increase in the linewidth and therefore, as expected, to a decrease in the spin lifetime from 64 ns at 22 K to 11 ns at 60 K. Both of these values are comparatively large. 18, 19 Furthermore, using λ sf = 6.2 µm, I = 400 µA, ρ N = 8.9 × 10 −4 Ωm (measured separately on the same sample using a Hall structure) and S = 75 × 10 −12 m 2 , a spin injection efficiency of P inj = 16% has been extracted by the fitting procedure. Regarding our crude assumption P inj = P det , the obtained value of P inj is in reasonable agreement with previous results obtained from Co 2 FeSi/(Al,Ga)As spin light-emitting diodes. 9 In the case of the local measurements, the spin and charge currents are no longer separated. The measure of the spin signal in the local configuration is the magnetoresistance (MR) ratio ∆R/R P = (R AP − R P )/R P , where R P (R AP ) represents the resistance R = V L /I L between stripes 2 and 3 [cf. Fig. 1(b) ] for the parallel (antiparallel) source and drain contact magnetizations. The requirements for a sizable spin signal in the local configuration have been theoretically discussed. [22] [23] [24] The most crucial parameter is the ratio of r * b and r N . r * b is the contact tunnel resistance at the interface between the ferromagnet and the semiconductor and the spin resistance r N is the product of the resistivity ρ N and the spin diffusion length λ sf within the semiconductor. A high ratio r * b /r N is needed to overcome the so-called conductivity mismatch 25 , but a too high value causes the spins to relax such that it prevents their detection. As a result, a window exists for the ratio r * b /r N for which the obtained signal is optimal. 22, 24 This window is given by:
where W is the width of the contacts and d ij and w are the length and width of the channel, respectively. Due to the difficulty to fullfil these requirements, spin detection in the local configuration has been demonstrated in rare cases only. 12,26-30 Local spin valve (LSV) measurements have been performed in the same manner as described above for the nonlocal case except for the change in the contact configuration.
Here, a charge current (I L ) flows between contacts 2 and 3 and the spin valve signal is measured as a voltage (V L ) between the same contacts [see Fig. 1(b) ]. As shown in Fig. 4 , the expected voltage jumps are clearly resolved and coincide with those observed in the non-local configuration (cf. Fig. 2 ). This observation provides clear evidence for local spin valve operation obtained in the Co 2 FeSi/GaAs hybrid system. The observed Hanle curve for the local configuration, shown in Fig. 5 , supports our conclusion. Note that the slightly smaller linewidth as compared to the NL Hanle measurement at the same temperature (cf. Fig. 3) indicates a somewhat larger spin lifetime.
The MR ratio for the samples under investigation is estimated to be ∆R/R P ≈ 0.03% (cf. Fig. 4) , where the contact resistances were subtracted from the LSV curves by using data obtained by 3-terminal measurements. 27 According to a theoretical estimate for the lateral geometry, 22 which takes into account a spin dependent interface resistance at the ferromagnet/semiconductor interface, a MR ratio of 0.05% is expected for our device, in reasonable agreement with our measured value. The relatively small MR ratio reflects the fact that the actual device parameters do not satisfy the condition expressed by Eq. (3). The ratio r * b /r N ≈ 32 for the investigated devices is outside the optimal window, which for these samples is 1.6 ≪ r * b /r N ≪ 6.6. Lowering the temperature below 40 K did not improve the MR ratio significantly. The spin signal in the local configuration (∆V LSV = 140 µV) is larger than that in the non-local one (∆V NLSV = 8 µV) by a factor of about 18. This observation is in contrast to a one-dimensional spin diffusion model, where an expected ratio of ∆V LSV /∆V NLSV = 2 has been experimentally verified. 16 A deviation from this factor 2 has been observed previously in FM/semiconductor hybrid systems and explained by an increase of the spin diffusion length λ sf in the local case due to the electric field in the semiconductor, 29 possibly due to an increase of τ s as shown above. Similar to the NL case (cf. inset of Fig. 2) , we measured the dependence of ∆V LSV on the separation d ij and obtained indeed an increased spin diffusion length of λ sf ≈ 11 µm. Taking into account the different spin diffusion lengths, the ratio ∆V LSV /∆V NLSV has to be corrected by a factor of 4 due to the different values of λ sf × exp(−d ij /λ sf ) in Eq. (1). As a result, the corrected ratio ∆V LSV /∆V NLSV = 18/4 = 4.5 is still about a factor of 2 larger than expected according to the theory for a one-dimensional spin diffusion model. 16, 31 This remaining enhancement of the local spin valve signal might be related to the predicted half-metallic nature of Co 2 FeSi in its L2 1 phase. More precisely, the large spin polarization at the Fermi energy in Co 2 FeSi may lead to a comparatively large spin detection efficiency in the local spin valve configuration.
We have presented unambiguous evidence for allelectrical spin injection and detection in the local and nonlocal configuration in the Co 2 FeSi/GaAs hybrid system. The obtained magnetoresistance for the local spin valve configuration is found to be in accordance with the calculated estimate for (non-optimized) device parameters. The enhanced LSV signal with respect to the NL one suggests that the large spin polarization of Co 2 FeSi in the well-ordered L2 1 phase is advantageous for actual spintronic devices.
